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Abstract 

We implement soft leptogenesis in a warped five dimensional scenario with two 
branes on the orbifold boundaries coming from an jZ^ symmetry, and supersymme- 
try broken on the IR brane. The SM hypermultiplet fields (fermions and Higgs) live 
in the UV brane and we allow the vector supermultiplets corresponding to the gauge 
bosons and a hypermultiplet corresponding to the right handed neutrino to live in the 
bulk. We assume that there are Majorana mass terms for the right handed neutrino 
superfield fixed on each brane and that there is a Yukawa term involving the right 
handed neutrino, the left handed neutrino and the Higgs fixed on the UV brane. Su- 
persymmetry is broken by a constant "superpotential" on the IR brane, which induces 
an F-term for the radion hypermultiplet. This F-term leads to a B-term for the right 
handed sneutrinos as well as a soft SUSY breaking gaugino mass in the 4D theory for 
the zero modes. The gaugino mass naturally induces an A-term for the right handed 
sneutrino, left handed sneutrino and the Higgs to be formed through gaugino mediation 
with a non-trivial CP violating phase. Moreover, we show that within the context of 
extra dimensions, the condition of out-of-equilibrium decay and the phenomenological 
constraints on the neutrino mass are both satisfied in a natural way, for UV Majorana 
masses of the order of the fundamental scale of the theory. Thus all necessary elements 
for soft leptogenesis are at hand and we are able to predict a correct value for the 
baryon asymmetry. 



1 Introduction 



The idea of "soft leptogenesis" PP, [2j which can explain the baryon asymmetry in the uni- 
verse is very attractive because of its simphcity. The soft parameters provide the source of 
CP violation, not relying on flavor physics like regular leptogenesis does. The presence of 
these terms allows oscillations between right handed sneutrinos and anti-sneutrinos which 
induce significant CP violation in sneutrino-decay processes. In a study of the param- 
eter space was done, but no compelling model was addressed which could explain the values 
obtained. A study of this sort was made in |4, where gauge mediation and SUGRA effects 
were used to explain the parameters. Our idea is to extend these results to supersymmetric 
warped extra dimensional theories with one additional spatial extra dimension as in RSI j3] 
[H]. Working in a supersymmetric scenario grant us the opportunity to change the size of 
the extra dimension without worrying about the hierarchy problem which is solved by super- 
symmetry. Part of the motivation for such an extension of the RSI scenario comes from the 
point of view of string theory where naturally supersymmetry and compact extra dimensions 
are related, even though still there hasn't been found any connection between this model 
and string theory. Furthermore, not many models of leptogenesis in extra dimensions have 
been worked out in the literature [7]. 

In our framework, the Standard Model fermions and Higgs superfields live in what we 
call the UV brane, the unwarped brane. The right handed sterile neutrino and the gauge 
superfields are in the bulk of the extra dimension and the radion superfield acquires a non- 
vanishing F-term on the IR brane (warped brane) which breaks supersymmetry. In this 
context, the location of the fields in the fifth dimension provides a natural way to explain 
the lepton asymmetry as well as to satisfy the constraints necessary for leptogenesis to 
succeed. Further constraints from neutrino masses and gravitino relic energy densities are 
satisfied too. This leads to a strong predictive model which adjusts fairly well to all con- 
straints required for specific locations of the fields in the extra dimension. The coupling 
constants and masses have natural values except for the 5D right handed neutrino mass 
parameter M2 which must be some orders of magnitude smaller than the GUT scale. One 
of the attractive points of this scenario is that the condition of out of equilibrium decay of 
the right handed sneutrinos is automatically obtained for values of the mass parameter Mi 
fixed on the UV brane of the order of the GUT scale. This, in turn, leads to a neutrino 
mass of the order of 10~^ eV, consistent with phenomenological constraints. As was shown 
in jSj, the GUT scale for our model coincides with the normal 4D GUT scale. This is related 
to the fact that though bare masses can be high, the KK masses always start at the order 
of the compactification scale ke~^'"^; something that doesn't happen in flat extra dimensions. 

The paper is organized as follows: in section 2 we introduce the model in 5D superspace 
and we show how the F-term of the radion superfield induces a gaugino mass. We write the 
Lagrangian in term of the component fields and we give an interpretation to the 6"^ terms 
we find. To simplify the presentation, we work in a one-generation model, discarding flavor 
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indices, and we calculate the 4D effective soft supersymmetry breaking terms we will be 
working with. In section 3 wc show where specifically CP violation comes from, calculate 
the lepton asymmetry and discuss the different constraints on the model. We arrive at the 
conclusions in section 4. 

2 Superfield action in a warped 5D space 

Let us consider a 5D theory where the extra dimension is warped. The extra dimension 
which we will denote with the letter y is compactified on an orbifold jZi of radius R, with 
< y < TT the angular coordinate. The metric is given by 



where a = k\y\ and is the curvature radius. This space corresponds to a slice of AdSs. 
We promote R to a superfield which corresponds to the 4D chiral radion superfield T that, 
together with R, it is known to contain the fifth-component of the graviphoton B^, the 
fifth-component of the right handed gravitino and a complex auxiliary field Ft- Higher- 
dimensional sTipersymmetric theories contain 4D supersymmetry and therefore it is always 
possible to write them using H — 1 superfields. We will write T as 



and we will take < >=< >= 0. 

The five dimensional action in superspace for a hypermultiplet corresponding to the right 
handed neutrino is given by. 



where A^*^ is the right handed neutrino chiral A/" = 1 hypermultiplet which together with N 
forms the 5D off-shell right handed neutrino hypermultiplet. A^'^ is even and N odd under 
/Z2 respectively. H is the Higgs hypermultiplet of the up- type, L is the left handed neutrino 
hypermultiplet. Ml and M2 are the Majorana masses in 5D, A is the Yukawa constant in 5D 
and we parameterized the hypermultiplet mass as ca' . In our conventions, d^x — d^xdy. In 



ds"" = e-'^^'^'n^^dx^dx'' + R'dy^ 



(1) 



T ^ R + iB5 + 9^% + 9^ Ft 



(2) 




(3) 
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components these fields can be written as 



L = z> + ^vQ + F^e'^ (4) 

AT^ = z>fi + ^PlvnQ + F^.B'' (5) 

H = H + V2he + FhO"^ (6) 

N = N + V2il)e + (7) 

The auxiliary field Ft which will be responsible for breaking supersymmetry on the y = tt 
boundary, comes from the effective Lagrangian |2j 

= J - e-(^+^')'=-) + J d^e(j)'[Wo + e-'^'^^W] + h.c. (8) 

where W and Wq are superpotentials at the orbifold positions y = and ?/ = vr, is the 
compensator field and Mp = M^{l — e~'^'''^^)/k, with Mp being the 4D Planck mass. Wq was 
introduced to cancel the cosmological constant in the 4D theory, and |Wop = e~^'^'^^|iyp. 
This implies that SUSY breaking is heavily suppressed on the Planck brane; therefore we 
can assume that Ft is localized on the IR brane and its effective 4D form is 

So far, we have not introduced the gauge field components. These, however, play an 
essential role in the model analyzed in this article, since the soft supersymmetry breaking 
parameters of the Higgs and left-handed lepton chiral fields are generated via the mechanism 
of gaugino mediation. The 5D vector superfield includes two gauginos. One of these gauginos, 
which we will denote as Ai, transforms in a vector supermultiplet together with the gauge 
fields while the other, A2, forms the fermion component of a scalar superfield transforming 
in the adjoint representation of the group. The kinetic action for the vector supermultiplet 
can be parameterized in terms of the fermion chiral superfield IV" ~ A" + and has the 
form 

" 1 



85 = j d'x J (feTWWo, + h.c. + . 
The radion F-term breaks SUSY inducing a localized gaugino mass given by 



(10) 



= ^1 + h.c. (11) 

Redefining Aj e~^^'^Aj, i = 1, 2 to absorb the spin connection term, the equations of 
motion for the gauginos are given by 

ze^'^a'^S^As + hd, + Incr'yX, = 0, 
ix Z 

1 1 - W 
te^'^a'^d.X, - -id, - -Ra')\, - i^5{y - 7r)Ai = 0. (12) 
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We solve these equations in the bulk, ignoring boundary effects which will only play a 
role when imposing boundary conditions. Looking for solutions of the form Xi{x,y) = 
^X^^^fi^\y) and using the orthogonality condition of the modes, Eq. (fT^ leads to the 
second order differential equations [H] 



An) 
J 1,2 



(13) 



with solutions 



ft\y) 



m. 



k 



k 



(14) 
(15) 



where bi and m„ will be determined by the boundary conditions, and Nn are normalization 
constants. 

Taking into account the Z2 assignment, fl"''^ must fulfill the following conditions on the 
y = boundary 



J2 \y=o 











(16) 
(17) 



which imply 6i(m„) = b2{mn) = —Jo{mn/k)/YQ{mn/k). On the other hand, the presence of 
the Majorana gaugino mass on the y = tt boundary in Eq. (|T^ implies 



W 

AMI 



These conditions yield that the following determinant should vanish 



det 



Jo(x„e 



■Mxn) 



4A/; 



- J I (Xjj6 



Yo{Xn) 

V ( rf. pk-KR\ _ W -y „kTvR\ 



(19) 



where Xn = frin/k. From here we get the KK gaugino mass spectrum. Solving this equation 
we find a non-zero value for the zero mode gaugino mass. In the case that 77 

(small SUSY breaking) and Xnef'^^ <^ 1 (for the zero mode) we find 



w 

4M? 



< 1 



'']_^-k-KR 



(20) 



Multiplying numerator and denominator by k, we see that under this conditions, the zero 
mode gaugino mass will be much smaller than the KK mass scale, parameterized by ke~^'^^. 
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It is important to stress again that, contrary to the standard warped extra dimension sce- 
narios, the hierarchy is stabihzed by supersymmetry and therefore there is no need for the 
KK mode masses to be close to the weak scale. In general the KK masses will be out of the 
reach of the LHC As we will show, the phenomenological properties of this model will be 
similar to those of low energy supersymmetry breaking with a light gravitino. 

We are interested in obtaining the effective action for the right-handed neutrinos. In 
order to do that, we need to calculate the auxiliary field for A^'^ and N. From Eq. Q, we 
obtain, 



-R(T 



R 



•95 - " 
1 



Ra' 



N - M^Ri)n6{y) - M^RuR^iy - n) 



-\uHR6{y) ] - i^^rFt{1 - 2Ra) 



-Ra 



N 



R 



3 
2 



Ra' 



(21) 
(22) 



Replacing these F-terms in Eq. © and integrating over superspace we get the following 
5D Lagrangian for vr and N 



^5D - 

^Ra 



g{-\dMNY - \dMyRV - m%NN* - mj^.URD*^ 



^Ra 



^^NFril - 2Ra){d^UR - (3/2 + c,^)cy'RpR) + h.c - |^2(3/2 - c,^)a' RFt^rN 



2i?2 
+h.c. 



^Rcj 



2i?2 



FtUr{1 + ARa){d^N - (3/2 - c,^)a' RN) + h.c. - MiuRD},6{y) 



-\\*i)i>*HH*5{y f - MiD*^\VH5{y f + h.c. 

„2RcT 



{2Ra - 2)FTFT(j{vRi)*R + A^A^* 

VrM-_ 



2R 

-M^VRVj^5[y -Ti) + 



R 



{d^N* - (3/2 - c,Ja'RN*)6{y) + h.c. 



^Y^Ml^d^N* - (3/2 - c,^)a'RN*)5{y - vr) + h.c. + 



R 
XuH 



id,N* - (3/2 - c,,)a'RN*)5iy) + h.c. + ^^ae'^'^FrVRVR^iy - vr) + h.c), (23) 



R 



where m% j^c 



±c, 



l^R 



15/4)A;2. The delta-squared terms are similar to those found 
by Horava in |Tn|. They are related to the bulk-boundary coupling, and as pointed out 
in [11] they are necessary in order to have SUSY conserved. They can also be thought as 
parameterizing the effects induced by the sum over the KK towers. Let us show this in the 
explicit example of the relation between neutrino and sneutrino masses. 



The Majorana mass term for the right handed neutrino localized on the UV brane is 



5 



given by 



(2), 



which can be interpreted in matrix form in the basis of {u^^'' 

( fS\o)fS\o) /^^(o)/f(o) fS\o)fS\o) ...\ 

/f (0)/^^(0) (0)/f (0) /f (0)/f (0) 

fS\o)fS\o) /f (0)/f (0) /f (0)/f (0) 

V ; ; ; •./ 



s 



(24) 



.) as 



(25) 



The same KK expansion can be done for the right handed sneutrino with functions g^]!^\y). 
Since the g^]!^^ form a complete orthonormal system we can expand the 5(0) in this basis as 



m = J29Rio)9R\o) 



(26) 



Therefore if we look at the SUSY mass term 

dy[V^iM',i)ni>*nSiy))] x Siy) 



(27) 



After proper normalization, it will take the form 



~(m)* 



X 



X) 



{21 



r,(0), 



which can be interpreted in the basis (f'jj 



r,(l) 



X L l^h [X h V 



r,(2), 



X] 



as MlS' X S' with S' the 



mass matrix formed with the ^''•"^(O) functions. We remind the reader that in AdSs back- 
ground fields in the same supermultiplet must have different masses which will lead them to 
have different dependence on the fifth dimension. However, in the case of flat extra dimen- 
sions g^^\y) = fR\y) and we see then that this leads to the conventional supersymmetric 
relations between the neutrino and sneutrino mass matrices. 



2.1 Sneutrino bilinear and trilinear SUSY breaking terms 

The mechanism of soft leptogenesis requires specific relations between the soft supersymme- 
try breaking bilinear and trilinear terms of the sneutrinos. From the Lagrangian, Eq. ()23|) . 
we see that nor A-term, neither B-term can be formed on the UV brane at tree-level. This 
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has to do with the fact that SUSY breaking is locahzed on the IR brane and that the B-term 
is proportional to a. However, since the right-handed neutrino superfield propagates into 
the extra dimension, a B-term will be naturally induced on the IR brane (we remind the 
reader that the terms proportional to Ft are localized on the IR brane). 



For the zero modes, Eq. (j23|) reduces to 

-XX*ui)*HH*5{yy - MiV*^\vH5{yf + h.c. 

p2Ru 

-{2Ra - 2)FtFt(t{urVr + NN*) - MliyRvl6{y - -nf + 



2R 

]^M2(je''''FTVRVR5{y - tt) + h.c.) (29) 

We know that the right-handed massless zero mode for vr satisfies the following equation 

[95-(3/2 + c,jTor'](7^°^ = (30) 

whose solution is g^^^ = c^^^'^'^'^'^r'^'^'^ / Nq, where is a normalization constant. Analyzing 
the form of the kinetic term in Eq. (j^^ . we can obtain the normalization factor for the zero 
mode. Canonically normalizing the right handed sneutrino field, we find that 

1 2(1/2 + c.Jfc 

Similarly, the normalization condition for the zero mode fields fixed on the UV brane comes 
from 

" 1 



^6{y)Rdy = 1 (32) 

^^0 



Therefore A^o = VR. 



In order to derive the form of the A and B parameters of the sneutrino, we need to 
determine the size of the effective Yukawa and Majorana masses for the right-handed neutrino 
field. If we look at the fermionic interactions for the superfields, we obtain the following term 

vCvukawa - XRiffRH + VRhv + hvvR) + h.c. (33) 

After canonically normalizing, this term takes the form 



>C Yukawa ^ ^^(1 ^ '^^"R^ {wrH + VRhl) + /iZ/Z>r) + h.C. (34) 
y'g2(l/2+c^^)fc7rR _ 



Therefore, we identify the 4D Yukawa coupling constant 

Av/A;(l + 2c,J 

^g2(l/2+c^^)fc7ri? _ ]_ 
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We can do the same in the case of the Majorana mass. Then we get for the fermionic part 
in the case of IR or UV Majorana term 



Cm ^ ]^M2e^'^n^^^VRVRR5{y - vr) + ]^M,RvRVR5{y). (36) 

Canonically normahzing these terms, we obtain the values of the locahzed Majorana masses 
for the right-handed neutrino, 

- ^ g2(l/2+c.^)fc.i? _ I ^2, (37) 

^^.^^ = 2 ^2(i/2+c.,)ri_i ^i- (38) 

We see that provided the right-handed neutrino zero mode is locahzed towards the IR brane, 
Cjy^ > —1/2, as we will assume in our model, the localized Majorana mass in the ultravi- 
olet will be much larger than the one in the infrared, M4 [/y ^ Thus the effective 
Majorana mass of the right-handed neutrino, M4, is dominated by the ultraviolet term. 

We are now prepared to compute the bilinear and trilinear soft supersymmetry break- 
ing terms in the effective four dimensional effective theory. Replacing the zero-mode for 
A^'^ in Eq. ()23|) . integrating on the fifth dimension and canonically normalizing we get the 
following 4D B-term (we define the bilinear term in the soft Lagrangian as —Csoft,AD = 
. . . + |i?4M4Z//^(x)z//j(a;) + . . ., where M4 is the Majorana mass of the right handed neutri- 
nos), 

= knFr^. (39) 

On the other hand, in the presence of phases in the gaugino mass terms, massive gauginos 
will naturally induce an y44-term with a CP violating phase. We define the A-term as 
—i^soft,iD = . . . + A4^\ii>Ri>H -(-.... This terms comes from a 1-loop triangle diagram (see 
Fig. Ill)' involving i>, and H [12] [IHl dllS]. 

From the diagram. Fig. ^ we see that the only possible meaningful contributions can 
come from the gaugino zero mode and the right handed sneutrino zero mode, since v and H 
live in the UV brane. Concentrating on the dominant wino contribution, we get 

A4 A4 = A\,glC, (iV) / 7^ 4 (40) 

where gf = g1/R. Integrating up to the compactification scale ke~^'^^ (the scale at which 
SUSY breaking is transmitted) we get for A4 , 
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V 

I R 



H 




V 



W W 



Figure 1: Feynman diagram for A4 generation. 



m^^log(A;e 



-kirR 



A4 ~ 3a2 



(41) 



where 02 = (?4,2/(4vr) ~ 0.03. Although the proper resuh for A4 can only be obtained after 
resummation, due to the presence of the weak gauge coupling and the relatively low scale 
for ke~^'^^, the above result provides a very good approximation for the Wino contribution 
to A^. Also, since the beta function of 02 in the MSSM is small, the value of ^2 may be 
approximately replaced by its weak scale value. 

The mass spectrum of squarks and sleptons can be obtained through gaugino mediation 
as is done in ^2] since the F-term radion contributions to these masses will be smaller. 



Now we have all the necessary ingredients to do soft leptogenesis in warped extra dimensions. 
We will constraint our model by obtaining reasonable values for the lepton asymmetry e/,, 
the left handed neutrino mass through the see saw mechanism m^,, requiring that the nec- 
essary conditions for leptogenesis are satisfied and that the lepton asymmetry is not erased 
because of the KK modes. 

As was mentioned in the introduction, we will consider a single generation of right handed 
neutrinos, since the effect survives even in this limiting case. We will drop all flavor indices. 
Under these conditions, a CP- violating phase is still present. We can see that in the following 
way. Let us write the important terms for CP violation in the 4D Lagrangian, 



3 Results 



-A£4D 



... + \i{vvRH + VRhv + hwR) + gi^2V2{v*Wv + H*Wh) + 
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-B^DrUr + -{Mi,iR + Mi^uv)i^RUR + -m^WW + h.c. (42) 

where = = knFTM^jpi, and rriyy oc F^. The conformal sector of the action 

is invariant under an R-symmetry U{1)r and a Peccei-Quinn-type symmetry U{1)q. In 
analogy with what was discussed in Ref. [12], under U{l)ji and U{1)q the fields have the 
corresponding charges listed in Table ^ Then if, for instance, we start with a single phase 



Field 


R- Charge 


PQ-Charge 


H 





-2 


h 


-1 


-2 




1 





V 










1 


2 







2 


W 


1 






Table 1: R- Charges 



in the gaugino mass m^y and assume that the other parameters are real, since the first line 
of Eq. (j42j) and the Majorana masses for ur are invariant under the R-symmetry, we can 
rotate away the phase in the gaugino mass parameter by doing a U{1)r transformation, 
while generating a phase on i?4. We can also remove the phase in i?4 by means of a U{1)q 
superfield rotation of the right handed neutrino and the Higgs, but we generate a phase in 
the total Majorana mass M4 = M^jr + M^^uy. So we see that there is no possible way to 
eliminate this CP-violating phase, which is therefore physical. In general, we can identify 
this phase with 

= arg (m, m^Bl) . (43) 



Using the fact that B^ oc m^M^^jR, one can easily see that (p = a.Tg{M4M^j^). We will 
work in a basis in which the total Majorana mass M4 and the bilinear mass term i?4 are 
real (S4 real), and therefore may be identified with the CP- violating phase associated 
with the gaugino mass term. From Eq. (|4H) it follows that the phase is transferred to the 
trilinear term ^4 at the loop level. Following j2], in the limit |A4pA4/47r ^ -B4/2 the lepton 
asymmetry is approximately given by 

A,, = (45) 

where cb and cp represent the fermionic and bosonic decay channel rates with final states 
f = hu and / = Hi) respectively, and Abf ~ 0.8 for T = I.2M4. 
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Here an important point must be raised. What we measure from experiments is the ratio 



^^B „ in-10 /Ar\ 
7 ^ 6 X 10 (46) 

s 



where ra^ is the baryon number density, the photon number density and s is the entropy 
density (for a more detailed discussion see section ESI)- After production, and after the ac- 
tion of weak sphaleron effects, the total baryon asymmetry is fixed and therefore the baryon 
to entropy ratio remain constant. In that sense, the present measurement of n^/s reflects 
the primordially generated value. 



As shown in |4J, we can write the baryon to entropy ratio as 

where the first factor takes into account the reprocessing of the B-L asymmetry by sphaleron 
transitions, hh is the number of Higgs doublets which is equal to 2, Y^'^ = 4:5({3)/ (tt^q^) 
where g^^^ is the number of thermalized degrees of freedom, is an efficiency parameter that 
slightly depends on the production mechanism for the right handed neutrinos and is the 
CP violating phase defined above (sin(0) ~ 1). Assuming thermal production, ^ is sup- 
pressed for small and large m,^ because of insufficient z/^ production and strong washout 
effect, respectively. The maximum value is C(O.l) for ^ io^(3-4) 



4115. 



sin(0) 



(47) 



Now, as seen from Eq. (jTfjl . during the radiation dominated era the entropy density s is 
given by 

s ~ g,T^ (48) 

So we see from here that the towers of KK modes, if thermalized, will contribute to g^. Since 
the mechanism of leptogenesis depends on the decay of the chiral right-handed (s)neutrino 
zero mode, the presence of the KK towers will not induce an extra contribution to the lepton 
asymmetry. Therefore, the effect of the KK modes will be in general to dilute the leptonic 
asymmetry. Such a dilution, if large, would make it difficult to obtain the experimentally 
observed baryon asymmetry. Therefore, for simplicity, we shall assume ke~^'^^ > M4 and 
therefore only the zero mode will be in thermal equilibrium at temperatures of the order of 
the Majorana neutrino mass, T ~ M4. Values of kR ~ 10 satisfying ke~^'^^ ~ M4, are also 
consistent with the ones necessary to stabilize the vacuum expectation value of T{x) jTTj, 
and therefore from now on we shall assume that the latter is satisfied. 



Under the above conditions, the light neutrino properties will be governed by the right- 
handed neutrino mass. Namely, through the implementation of the see-saw mechanism in 
warped extra dimensions [TH], the left handed neutrino mass is given by 



21 \ 12 



m.-^ (49) 
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where v — {H{x)) ~ 174 GeV is the expectation value of Higgs field, and we are assuming 
tan/3 > 1. 

To satisfy the out of equilibrium condition in the decay of the right handed sneutrino, 
we should have a decay rate, F = M4|A4p/47r that is not much faster than the expansion 
rate of the universe H. Since at T ~ M4 only the zero modes are in thermal equilibrium, 
we can essentially use four dimensional cosmology, ignoring the extra dimensional contribu- 
tions of the gauge and neutrino fields propagating in the bulk. Therefore, we shall use the 
conventional four dimensional expression H = IMgl'^T'^/Mp at the time when T ^ 
[Mp — 4.2 X 10^^ GeV and counts the number of degrees of freedom (d.o.f) in thermal 
equilibrium) . 

We can improve the above approximation by writing an expression for the number of 
thermalized degrees of freedom as 51* = Nkk x g*,i + 5'*,2, where Nkk counts the number of 
excited KK levels that are in thermal equihbrium. 

The masses of the first KK excited levels of a vector supcrficld (the major contribution 
to the KK states comes from the gauge modes), in the limit KR ^ 1 and m„ -C k, are given 



where n — 1,2,... is the KK level. 

In the UV brane, there are 45 chiral superfields (quarks and leptons), 2 Higgs doublets 
which include 4 chiral superfields. Therefore, there are 49 chiral superfields, each one contain- 
ing 4 physical degrees of freedom (2 fermionic and 2 bosonic). The total number of effective 
degrees of freedom adds to g'* = 98 x (1 + 7/8) ~ 184. The zero mode fields of the right 
handed neutrino and gauge superfields contribute in the following way. There are 12 gauge 
fields (8 from QCD and 4 from clcctroweak), each one having two polarizations since they 
are massless. Therefore, the gauge superfields zero- modes contribute 12 x 2 x 15/8 = 45 ef- 
fective degrees of freedom, where the last factor of 15/8 comes from SUSY. The right handed 
neutrino zero modes superfields belong to 3 families and they are Wcyl fermions (2 degrees 
of freedom). Thus, they contribute as3x2xl5/8~ll degrees of freedom. So we conclude 
that g^^2 = 240. 

In the case of the KK towers we have to remember that fields then are part oi J\f — 2 
SUSY. Therefore each tower (counting gauge and three right-handed neutrino superfields 
which are the only ones that contribute to them) will add 60 x 15/8 ~ 112 degrees of 
freedom and thus g^,^i = 112. To calculate N^k we go through the following derivation. The 
entropy density s is given by the expression 



by 



mny ^{n- -)-nke 



-kwR 



(50) 



s — 



P + P 
T 



(51) 
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Now p and p can be written as 



p- ' ri^^^^dE (53) 

where we are doing the calculations for bosons ^. We will assume that T ^ fi. In the 
relativistic limit, T ^ m, p = {n'^ /30)gT'^ and p = p/3. We define NkkU as 

AT I ^\n,non—rel /rA\ 

NkkU = , (54) 

^\n,rel 

for each KK level parameterized by n in Eq. (j5(jp . s\n,rei = (7(27r^/45)T^ is the entropy con- 
tribution in the relativistic limit, and we use the full expressions, Eqs. (IS^ - ljSHj) to calculate 
the non- relativistic entropy contribution, s\non-rei- Therefore Nkk is given by 

NKK = Y,^KK\n (55) 
n=l 

For values of m 3> T, the effective number of degrees of freedom associated with a given 
specie is suppressed by a factor (m/T)^/^ exp(— m/T). 



Using the above expression for the KK mode masses, with rriiy ~ 2.3A;exp(— /cvri?), we 
can easily perform the sum. It is straightforward to prove that, provided T < 2.3k exp(— fcvri?) 
the value of Nkk will remain lower than one, leading to only a small modification of the 
effective number of degrees of freedom at the freezing temperature. We shall require that 
this relation is fulfilled, in order to avoid a dilution of the baryon asjTiimetry. In addition, 
since the freezing temperature T ~ M4, the above relation ensures that the zero right-handed 
neutrino mode will have only small mixing with the heavier KK modes, increasing the va- 
lidity the approximations used in this work to generate the Majorana mass contribution to 
the right-handed neutrino zero mode. 



The out of equilibrium condition then reads, 

M,/\Xa\' > — /^^^^^r^GeV (56) 

47r X 1.66 X [l.2y^fg^ 

On the other hand, the sneutrino decay should occur before the electroweak phase transition, 
when sphalerons, responsible for the conversion of lepton asymmetry into baryon asymmetry 
are still active, V > H{T ~ lOOGeV) 

M4IA4P > 3 X lO^^^GeV (57) 



-'^the results are basically the same for fcrmions 
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3.1 Analytical Estimates 

Taking into account the above constraints, we can obtain information about the fundamental 
parameters of the theory from an analytical point of view. Assuming that the right handed 
neutrino is located away from the infrared brane, 

> 1 (58) 

and that the five dimensional Yukawa coupling A5 ~ aj^k, with a a number of order one, 
we obtain, 

A4 = + 2c,^e-(^/2+c.^)'="^ (59) 



A 



M4,[/y = -^kRMi ~ M4 (60) 



a2 

(61) 

We can now see that the out of equilibrium condition, Eq. (jSHI), sets the scale for Mi 

,,9 kRMi 

MJXI ^ ^. (62) 

Hence, as emphasized in the introduction, this condition is naturally satisfied for values of 
Ml ~ lO^'' — 10^^ GeV close to the GUT scale. At the same time, the same parameter Mi 
sets the scale of the neutrino mass parameter. Indeed, since 

M,/\l = — (63) 
my 

and therefore, for the above values of Mi, the neutrino mass parameter acquires phenomeno- 
logically acceptable values my ~ 10~^ eV. 

In order to determine the value of the remaining parameters, we should take into account 
the conditions necessary for the realization of the soft leptogenesis scenario. As it is clear 
from Eq. ()45|) . these depend on the specific values of the bilinear and trilinear parameters 
derived before, as well as the decay width. The relevant parameters are given by 



A 



2 

M47R ~ '^kRM<2,e^^^R^''^ (64) 
B, = 2kr^e-'-''^^ = 2kve^'^^--'^'^-^^ (65) 

M4,c/y 'Ml ^ ^ 

m^ . ^e— (66) 

^ ^ M,,uvXl ^ Mifci?a^(l + 2c.J^e-(^+^^-H)^"^ 
47r 47r 
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The primordial lepton asymmetry is maximized when the decay with is of the order of B4. 
Requiring the parameters to be close to the resonance condition for (r = 2B4) we obtain 
the following relationship 

:i + 2c,jV(i+^^^«)^-« (68) 



Furthermore, now asking that at the specific temperature of soft leptogenesis there are very 
few KK excited states, T ~ M4 ~ ke~'''^^, implies 

^ ~ (1 + 2c^^)A:i?e-2'=''fl'="^ (69) 



Combining Eq. ()68p with Eq. ()69p we arrive at the following relation 

16TTr]kR 

A further constraint we need to impose on the model is that the mass of the NLSP which is 
the stau fi, as is the case in be in accordance with experimental constraints. We use 
the RGE at one loop P^ . 

where g^^i is the f/(l)y 4D hypercharge, is the bino mass, t = ke~^'"^/mf, and we only 
included the relevant term. To avoid experimental constraints, m^^ > 100 GeV or bigger, we 
need to have a gaugino mass mx^ ^ 500 GeV. 

Taking the compactification scale ke~^'^^ ~ M4 but at the same time having a gaugino 
mass of (9(500) GeV and furthermore having a small gravitino mass (7713/2 < 16 eV from 
cosmological constraints, see next section) fixes the values of kR and rj. With this require- 
ments, we find that the value of the trilinear term ^ (9(60) GeV. Now, in the case of 
resonance, F ~ 2|i?4|, this implies a maximum value for M4 since ~ A4/M4 ~ 10~^. 
But from Eq. (j^Hj) and the discussion about the efficiency parameter ^ following Eq. ()47|) . 
we see that by fixing mu ~ lO^'-^'^^eV we completely determine the value of A4. Thus in 
turn, from Eq. ()62|) . draws us to fully fix the ratio Mi/a^. Since a ^ (9(1), we see that 
Ml ~ (9(10'-^^"^^^) GeV, of the order of the unification scale, as stated in the introduction 
and previously on this section. Rewriting Eq. (j70j) as 

M2 = , , (72) 



lQnr]kR{l + 2c 



we see that M2 is also almost fully fixed by the choice of m,^ except for a mild dependence on 
1/(1 + 2c,y^). Thus, we have shown that given the conditions described above, all parameters 
are fixed by choosing values for m^, and the parameter a. 
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3.2 Numerical Results 



The numerical ratio of the baryon density to the entropy density may be obtained experimen- 
tally by two methods. Firstly, by the requirement of consistency between the observed and 
the predicted abundance of primordial elements by the Standard Big-Bang Nucleosynthesis 
model [201 ■ This leads to a value of the baryon to photon ratio f 21j . 

4.5 X 10-1° < — < 6.5 X 10-1°. (73) 

The second method is related to the baryon energy density determination by the WMAP 
experiment j22j, 

VL^h^ = (2.233 ± 0.072)10-1 (74) 



Considering the relation between the entropy and the photon density, s ~ 7n^ ^, the Big- 
Bang Nucleosynthesis results translate into a value of 

6.5 X 10-11 < ub/s < 9.5 X lO'H, (75) 

with a narrower band of values, around 9 x lO'H being selected if only the WMAP values 
are considered. The WMAP result, Eq. (HD), may be slightly modified (up to values of 
Qhh^ ~ 0.019) by assuming different shapes of the power spectrum j2Ill23- We shall require 
that the baryon number to entropy density ratio that we compute is within the broader 
range given above, (ffH|) . However, values within the WMAP allowed band, Eq. dH}, may 
always be obtained by appropriate tuning of the parameters of the model. 

In Tables El and jSl we give the results from numerical computations for two different 
acceptable points in parameter space. The input parameters are listed on the left column 
and the output on the right column. 

From the tables we see that, as emphasized before, M4 = M4^(/v' + M^j^ ^ M^^uv- We 
also notice that as we lower M4 we don't need to be so close to the resonance condition which, 
as said before, is fulfilled when F = 2|_B4|. Moreover, M4/A4 satisfies the out of equilibrium 
condition, Eq. (j^Uj) . All necessary conditions for soft leptogenesis are satisfied and we get a 
left-handed neutrino mass which is of the order of the one associated with the values of the 
eigenstate mass differences implied by solar neutrino experiments. 

To calculate the gravitino mass we used the approximate formula 

and we have required that the gravitino mass obtained from this expression is lower than 
about 20 eV, to be consistent with astrophysical and cosmological bounds (see below). 



^Although the addition of the gravitino increases the total entropy density, this increase is very small due 
to the large dilution factor associated with the gravitino decoupling temperature, To > IGeV. 
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Input 1 


Output 1 


c^^ = -0.12 
kR = 8 
Ml = 3 X 10^^ GeV 
M2 = 1 X 10^° GeV 
A; = 1 X lO^s GeV 
A = 0.32/v^ 
n — 1 0^3 


A4 = 1.98 X 10-5 
^g-fc^i? ^ 1 216 X 10^ GeV 

M^^uv = 9.23 X 10^ GeV 
'm^jr = 0.73 GeV 
mx, = 484 GeV 
= 70.11 GeV 
m — 1 2Q X lO"'^ eV 
54 = 0.0019 GeV 
r4 = 0.00029 GeV 
eL = 1.12 X 10-6 
m3/2 ~ 20 eV 
M4/A2 = 2.44 X 10^6 GeV 
Nkj^ = 0.55 
ub/s ^ 7.2 X 10-^^ 



Table 2: Results 



In Tables El we have chosen a value of /c ~ 10^^ GeV, of the order of the fundamental 
Planck scale. As the value of k is lowered, we see that Nkk ~ 1 and M2 ^ 10^° GeV. We 
provide an example, with values of A; ~ 2 x 10^'' GeV in table |31 

In models of low energy supersymmetry breaking, like the one under consideration, the 
gravitino is the lightest SUSY particle and thus it is stable. Therefore gravitinos gener- 
ated at high temperature contribute to the matter density of the universe. For masses 
^3/2 ^ 100 eV the goldstino component of the gravitino has large interaction with the 
MSSM particles, and therefore the gravitino can thermalize at high temperature. The num- 
ber density in this case is just the equilibrium value and, taking into account the diluting 
effect of the decoupling of heavy particles, the energy density is approximately given by 
^3/2^^ ~ 0.1(m3/2/100 eV), satisfying cosmo logical bounds. Since these gravitinos are 
warm, from Lyman-a forest and WMAP data in order for them not to smear out the density 
perturbations on the matter power spectrum at small scales their masses are excluded from 
the region 16 eV< ^3/2 ^ 100 eV. The gravitino mass in our scenario falls naturally in the 
1-100 eV range, and satisfies these constraints for a broad range of parameters, as shown by 
the specific examples above. 

In the above, we have considered a model of gaugino mediation in warped extra di- 
mensions, in which the matter fields are localized on the UV brane, while the dominant 
supersymmetry breaking contribution is localized on the IR brane. A question arises about 
the possible origin of the supersymmetry Higgsino mass term fi within such scenario. Since 
the value of the gravitino mass is much lower than in supergravity mediated scenarios, the 
Giudice-Masiero mechanism j^l] won't provide a sufficiently large mass. A logical possibil- 
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Input 2 


Output 2 


c^^ = -0.105 
kR = 8.42 
Ml = 1.1 X 10^5 GeV 
M2 = lO^o GeV 
A; = 3 X lO^s GeV 
A = 0.6/ Vk 
71 — 1 3x1 0^'^ 


A4 = 1.54 X 10-^ 
f^^-kTrR = 9.75 X 106 GeV 

M^^uv = 6.148 X 10^ GeV 
' M^jR = 0.21 GeV 
mx, = 479 GeV 
= 66 GeV 
m — 1 1 76 X 10~3 pV 
54 = 0.00089 GeV 
14 = 0.00011 GeV 
CL = 1.42 X 10-6 
m3/2 ~ 17 eV 
M4/AI = 3.0825 X 10^6 GeV 
Nkk = 0.40 
ub/s ~ 9.61 X 10"^^ 



Table 3: Results 



ity is the addition of a singlet in the spectrum, which couples to the Higgs superfields and 
induces a /x-term by acquiring a v.e.v. If this singlet is localized, it will acquire a negative 
supersymmetry breaking squared mass term by radiative corrections. Since supersymmetry 
is mediated by gaugino interactions, this is a higher-loop effect, and numerically the mass 
values are too small to lead to a phenomenologically acceptable /i parameter, for natural 
values of the Higgs and singlet couplings. However, as has been previously done in similar 
low energy supersymmetry breaking models |2S]; one can make use of supergravity induced 
tadpole contributions and the compensator field (jHI), whose F-term is ~ 7713/2, to lead to 
an acceptable value of /i. As an alternative to the localized singlet field, one can also consider 
the case of a singlet field propagating in the bulk of the warp extra dimension. Although in 
this case the result depends on the precise localization of the singlet zero mode in the bulk, 
an acceptable /i-term may be obtained for reasonable values of the bulk mass parameters. 

4 Conclusions 

In this article, we have studied the possibility of realizing the mechanism of soft leptogenesis 
within the context of warped extra dimensions. We have assumed that all the quark and 
lepton fields are localized on the UV brane, while the gauge fields and the right-handed 
neutrinos propagate into the extra dimension. Assuming the presence of localized Majorana 
mass terms on the UV and IR branes, we have shown that the condition of out of equi- 
librium may be naturally fulfilled by assuming that the UV Majorana mass term is of the 
order of the GUT scale. Furthermore, for the same conditions, the neutrino mass acquires 
phenomenologically acceptable values, and of the order of the ones necessary to maximize 
the baryon asymmetry result. 
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Input 3 


Output 3 


c^^ = -0.105 
kR = 7.6 
Ml = 3.3 X 10^^ GeV 
Ms = 3 X 10^ GeV 
k = 2x GeV 
A = 0.3/ Vk 
n — 1 5x1 0-3 


A4 = 2.138 X 10-^ 

}.^-knR ^ g_54g ^ ^q6 

M^^uv = 1-27 X 10^ GeV 
'm^jr = 0.77 GeV 
mx, = 537 GeV 
= 74.4 GeV 
m — 1 086 X 10-3 pY 
54 = 0.0015 GeV 
r4 = 0.00046 GeV 
CL = 1.71 X 10-6 
m3/2 ~ 15 eV 
M4/A2 = 2.786 X 10^6 GeV 
Nkk = 1.38 
ub/s ~ 8.35 X 10-^^ 



Table 4: Results 



Soft supersymmetry breaking parameters for the gauginos and for the right-handed sneu- 
trinos are generated by the auxiliary component of the radion field, which acquires a non- 
vanishing vacuum expectation value localized on the IR brane. Loop effects are responsible 
for the generation of supersymmetry breaking parameters for the rest of the quark, lepton 
and Higgs superfields. Although the right-handed stau becomes the lightest standard model 
superpartner, the lightest superparticle is given by the gravitino which becomes naturally 
light within this framework. Then, the collider phenomenology becomes similar to the one 
of gauge- mediated models with a hght stau NLSP [22] ■ 

We have shown that, provided a relative phase exist between the two localized Majorana 
masses, the physical CP-violating phase necessary for the realization of soft leptogenesis is 
generated. An effective Majorana mass M4 smaller than about 10^ GeV, as necessary for 
the realization of this scenario, is naturally generated by a proper localization of the right- 
handed neutrino zero modes. Moreover, this localization is also effective in avoiding the 
dilution of the baryon asymmetry by the entropy generated by the KK towers provided the 
Majorana mass is smaller than the local curvature term in the IR brane, M4 < /cexp(— fcvri?). 
Finally, the condition that the gaugino masses are at the TeV scale fixes the size of Ft- The 
resulting gravitino mass is of the order of a few eV, which satisfy the relic density and long 
range structure constraints dictated by cosmology. 

A proper baryon asymmetry may be generated under the above conditions, provided the 
effective bilinear term B4 is of the order of the sneutrino decay width. Due to the smallness 
of the Yukawa couplings, this implies a value of B4 smaller than about 100 MeV. In our 
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model the value of B4 is determined by the ratio of the localized Majorana mass term, 
and successful leptogenesis is achieved for values of the localized UV and IR mass terms 
Ml ~ 10^^ GeV and M2 ~ 10^° GeV, respectively. 
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